Abstract-In the present study, the motion of the micrometer sized droplets of dielectric water-based paint in the air is investigated numerically. The effects of gravity, the inlet velocity of air flow and applied external positive DC electric field have been taken into account. In the first part, the motion of the droplets is simulated. It is found that the effect of gravity and inlet velocity of air flow can be neglected under our conditions. In the second part, the motions of the droplets under the external electric field are simulated to investigate the effect of electric field. Our results show that the external positive electric field can result the fall speed increase comparison with the condition under no electric field. It is also observed that impact time decreases as electric potential increases. The simulation results show that the Navier-Stokes equations coupled with other fields provide an effective approach to analyze the dynamic problems for liquid droplet. Index Terms-Droplet, level set method, electric field, water-based paint.
I. INTRODUCTION
Due to the wide applications in micro fluidics devices [1] - [3] , mist [4] , [5] , and spray [6] , a great deal of studies on multiphase flows have been done and attracted much attention in the past several decades. After the pioneering work of Worthington [7] , more attention on droplet research is around the droplet dynamic behaviours by experimental measurements and numerical simulations in recent years.
In the aspect of experimental study, Reference [8] observed that the maximal spreading diameter of elastic fluid droplets impact onto rough surfaces could be as much as twice larger than those on smooth surfaces. Reference [9] demonstrated an empirical equation for a milimeter sized droplet about the fall speed and fall height by using a shadowgraph method with a rapid CCD camera system. Reference [10] reported that there was a linear relation between the contact line velocity and the relationship between fall speed and fall height by using a high-speed video camera. Reference [11] demonstrated that the droplet expansion process can be controlled through variation of the ion injection current and /or discharge exposure time. Reference [12] performed an experiment for dielectric droplets deposited on a superhydrophobic surface and under a uniform electric field. Their result showed that the change in the droplet shape is described by a linear dependence of its eccentricity under the electric field.
On the other side, various numerical investigations have also been introduced to the droplet dynamic behaviours research. Reference [13] reported that a higher Weber number could lead to a longer contact length for a single droplet by using LBM method. Reference [14] assessed the dielectric droplets dynamic behaviour by simulation analysis based on the Navier-Stokes equation, the Poisson equation and the Nernst-Planck equations. Their results showed that the predictions are reliable even at considerably large deformations.
Although a lot of work has been carried out for investigation of droplet dynamic behaviours, some problems are still not resolved. For instance, micrometer or even smaller sized droplets motion with initial velocity within the air flow have been limited. Moreover, coupled with electric field and gravity for the droplet motion in the air flow has not been considered. Therefore, the more interest is shown to study the fundamental understanding of effects of gravity, air flow velocity, electric field and electric potential to the motion of the micrometer sized droplets of dielectric water-based paint in the air. In this paper, we present a numerical simulation experimental study of the motion effect of micrometer sized droplets of dielectric water-based paint through the air.
II. PROCEDURE FOR PAPER SUBMISSION PROBLEM
DESCRIPTION AND BOUNDARY CONDITIONS Fig. 1 illustrates a schematic two dimension (2D) axisymmetric model for a micrometer sized droplet of dielectric water-based paint to be analysed in the following research. The initial radius (r 0 ) of droplet is 20um. A droplet of dielectric water-based paint is placed in a flow field, under. In the numerical study, the droplet is kept at the center line of the bottom of steel surface with a 450um distance vertical to the bottom steel surface. After applying different electric potentials to the parallel steel surfaces, a positive DC uniform electric field is generated along the vertical direction. For the sake of simplicity, the following assumptions are made in the following research: (e) The shape of the droplet is spherical at the initial stage 
III. MATHEMATICAL FOURMULATIONS

A. Governing Equations for Two-Phase Flow
In the incompressible two phase flow system, the motion of fluid is governed by equations of Navier-Stokes, which is validated in [15] , [16] . To take into consideration of the surface tension, gravity and the electric stress, the Navier-Stokes can be expressed as:
where u denotes fluid velocity, ρ is the fluid density, g is the gravitational acceleration, μ is the dynamic viscosity, F es is the electric stress, F st is the surface tension, I is identity matrix and p is the pressure. Without electric potentials, F es will be neglected.
B. Conservative Level Set Method
The interface in a level set method is captured by a level set function  .The function  is governed by:
where ɛ 1s is the parameter controlling the interface thickness and α is the reinitialized parameter. In general, inside the droplet  =1 and ambient fluid  =0. The interface is represented by the 0.5 contour of the level set function (  =0.5).
The surface tension force is computed as:
where I is the identity matrix, n is the interface normal, and σ is the surface tension, and δ is the Dirac delta function that is zero except at the interface separating the two phase fluids. The interface normal is calculated as:
The delta function δ is approximated by a smooth function defined by:
C. Governing Equations for Electric Field
The droplets will deform due to the electric forces. In the case of absence of any time-varying magnetic field, the curl of the electric field is zero ( 0
) and the electric field can be descripted by the electric potential U:
In this two phase fluid system, we assume that the electric relaxation time is shorter than the time scale of the fluid motion, and the electric conductivity is constant for water-based paint and air. The governing equation for the potential can be expressed in each medium as follows:
where D is the electric displacement, ɛ 0 is the permittivity of vacuum, ɛ r is the relative permittivity. Based on the former assumption, the electric stress can be calculated by taking the divergence of the Maxwell stress tensor, which couples electrostatic and hydrodynamic phenomena. The Maxwell stress tensor can be defined as:
The momentum equation is modified by inserting the electric force F es , which can be determined by calculating the divergence of the Maxwell stress tensor TM:
The relative permittivity for water-based paint and air is constant, but different. In order to have all the physical properties at the interface, the relative permittivity (ɛ r ) can be defined by the volume fractions of each fluid, Vf1 and Vf2: 
where ɛ r1 and ɛ r2 denote the relative permittivity of air and water-based paint. Inside the droplet, Vf1=0 and Vf2=1, whereas outside the droplet, Vf1=1 and Vf2=0.
IV. DETERMINATION OF DROPLET VELOCITY
For each simulation setting, the droplet velocity is determined as displayed in Fig. 2 . The droplet position is obtained by matlab image analysis. As the delay between the International Journal of Materials, Mechanics and Manufacturing, Vol. 6, No. 1, February 2018 two frames Δt (Δt =t i -t i-1 ) is known, the spatial difference Δyi readily provides the droplet velocity: Fig. 2 . Determination of velocity of droplet motion in the air. All images shown are for equal droplet settings. Two frames are used to determine the droplet translation Δyi. The translation is used to obtain the droplet velocity.
To reduce the uncertainty, the time scale between two adjacent images is 0.01ms.
V. RESULTS AND DISCUSSION
In this section, the motion of the micrometer sized droplets of dielectric water-based paint under air flow and electric field is discussed in detail.
A. Effect of Gravity
In order to investigate the effect of gravity on the motion for the droplets, the inlet velocity of air flow (u inlet_air ) is 0, as well as the electric potential. Fig. 3 shows the relationship between fall height and fall speed under our simulation conditions. From Fig. 3 , we can see that the gravity can be neglected for our simulated sized droplet. where H (μm) is the fall height of the droplets motion in the air. c f in the above equation has been adjusted to 0.0025 by the best fit to velocity obtained from numerical experiment at different fall heights. Fig. 4 shows, for different inlet velocity of air flow and gravity taken into consideration, the evolution of the fall velocity u i versus different fall heights. Fig. 4 shows that the fall speed data for the case of u inlet-air = 10m/s coincide in the line for the case of u inlet-air = 0m/s, although there is a slight deviation at the last height. Therefore, the effect of inlet velocity of air flow for our simulation conditions can be neglected and the relationship between fall speed and fall height can be descripted as Eq. 12. In this model, the droplets of dielectric water-based paint having radius r 0 move in the air with initial velocity u 0 , while the upper steel surface is given a potential U = 1000V and time interval between the two adjacent pictures is 0.01ms. The droplet motion simulations are performed with the same static contact angle at initial time. In the presence of the electric forces, the droplets move in the air, and subsequently change shapes. In Fig. 5 , the fall speed of the droplets at different fall heights under external electric field is compared with the droplet fall speed without electric field effect.
B. Effect of Inlet Velocity of Air Flow
C. Effect of Electric Field
As shown in Fig. 5 , the numerically predicted droplet fall speed versus fall height with and without external electric field. We can see that the electric field has an important effect for the droplets fall speed in the air. Fig. 5 shows that the external positive electric field can result the fall speed increase comparison with the condition under no electric field.
D. Effect of Electric Potential
In this model, the droplet of dielectric water-based paint is placed in the electric field with the same initial velocity u 0 and radius r 0 . The droplet motion simulations are carried out with series different electric potential. In order to reduce the uncertainty, the exact instant of motion has been settled on the time interval of Δt = 0.002ms. The static contact angle is 30°. Fig. 6 . Impact time versus applied electric potential. Square(■) is the numerical test value, solid line(-) is the best fit line corresponds to the best fit (Eq. 14).
In Fig. 6 , the impacting time of the motion droplet is as a function of the applied electric potential. The solid line in Fig.  6 is the best fit of the numerical experimental data according to the exponential equation:
where A and B is the fit constant, with A = 0.1194, B = -0.013, U is the applied electric potential. From Fig. 6 , we can see the impact time t impact for numerical tested droplets decreases as the applied electric potential increases, which means increasing electric potential can increase the droplet motion speed.
VI. CONCLUSION
Based on the Navier-Stokes equation, a series numerical investigation of the vertical motion of the micrometer sized droplets of dielectric water-based paint between two horizontal steel surface under different conditions have been carried out. The new findings of this study, within different conditions investigated, are summarized as follows: 1) The gravity can be neglected for the motion of a 40μm dielectric water-based paint droplet or even smaller sized droplets motion in the air.
2) The effect of inlet velocity of air flow can be neglected. 3) Electric field has an important effect to the droplets fall speed. 4) Increasing the applied electric potential can decrease the impact time for droplets motion. The results may have practical application for microfluidic research and control that rely on the droplets manipulation.
